Newborn neurons migrate extensively in the radial and tangential directions to organize the developing vertebrate nervous system. We show here that mutations in zebrafish trilobite (tri) that affect gastrulation-associated cell movements also eliminate tangential migration of motor neurons in the hindbrain. In the wild-type hindbrain, facial (nVII) and glossopharyngeal (nIX) motor neurons are induced in rhombomeres 4 and 6, respectively, and migrate tangentially into r6 and r7 (nVII) and r7 (nIX). In all three tri alleles examined, although normal numbers of motor neurons are induced, nVII motor neurons are found exclusively in r4, and nIX-like motor neurons are found exclusively in r6. The migration of other neuronal and nonneuronal cell types is unaffected in tri mutants. Rhombomere formation and the development of other hindbrain neurons are also unaffected in tri mutants. Furthermore, tangential neuronal migration occurs normally in the gastrulation mutant knypek, indicating that the trilobite neuron phenotype does not arise nonspecifically from aberrant gastrulation-associated movements. We conclude that trilobite function is specifically required for two types of cell migration that occur at different stages of zebrafish development. © 2002 Elsevier Science (USA)
INTRODUCTION
During development, many neurons migrate extensively following their induction and specification, participating in the formation of neural circuits at their final destinations. Many human genetic brain disorders result from defective neuronal migration, underscoring the importance of these cell movements in nervous system function (Copp and Harding, 1999; Gleeson and Walsh, 2000) . In the developing neural tube, undifferentiated neuronal precursors move in the plane of the neuroepithelium (the ventricular zone). Neuroepithelial cells that undergo their final mitosis, and become specified as neurons, migrate away from the ventricular zone along distinct radial and tangential pathways to their final destinations (reviewed in Hatten, 1999; Parnavelas, 2000) .
The close association of radially migrating neurons with radial glial fibers suggested that the glia form the scaffold upon which neurons migrate (Rakic, 1971) . High-resolution analyses of neuronal migration in vivo and in vitro have demonstrated that glial cells play a vital role in radial neuronal migration (Edmondson and Hatten, 1987; Fishell and Hatten, 1991; Anton et al., 1996) . Furthermore, several molecules that are expressed in migrating neurons and/or radial glia have been identified by genetic and in vitro analyses (D'Arcangelo et al., 1995; Anton et al., 1997; Howell et al., 1997; Gleeson et al., 1999) .
Although cortical neurons primarily undergo radial migration, a significant number of cortical and other neurons also migrate independently of radial glia (O'Rourke et al., 1992 (O'Rourke et al., , 1995 Luskin, 1993; Hemond and Glover, 1993; Lois et al., 1996; Lavdas et al., 1999; Maricich et al., 2001) . These migrations are collectively termed tangential because they are directed orthogonal to radial glia and can occur along the medial-lateral or anterior-posterior axes (Pearlman et al., 1998) . Unlike radial migration, the molecular and cellular mechanisms underlying tangential migration are less well understood. Olfactory neuron precursors migrate tangentially in a process called "chain migration" (Lois et al., 1996) , and explant culture studies may identify genes involved in this and other tangential migrations (Wu et al., 1999; Mason et al., 2001) . The genetic analysis of neuronal and growth cone migrations in Caenorhabditis elegans may also identify genes with evolutionarily conserved functions in vertebrates (Forrester et al., 1999) . We show here that the zebrafish branchiomotor neurons represent an excellent model to identify genes involved in tangential neuronal migration in the vertebrate embryo.
Branchiomotor neurons are induced in specific rhombomeres in the hindbrain and innervate muscles that arise in the pharyngeal arches (Noden, 1983; Lumsden and Keynes, 1989; Chandrasekhar et al., 1997) . In zebrafish, the facial (nVII), and very likely the glossopharyngeal (nIX), motor neurons migrate tangentially (posteriorly) to their final locations after induction in more anterior rhombomeres (Chandrasekhar et al., 1997; Higashijima et al., 2000) . In trilobite (tri) mutants Solnica-Krezel et al., 1996) , nVII and nIX neurons fail to migrate tangentially into more posterior rhombomeres following induction in rhombomeres 4 (r4) and 6 (r6), respectively. Elimination of motor neuron migration is not a consequence of defective hindbrain patterning or widespread defects in cell migration in tri mutants. Although tri mutants also exhibit defective convergence extension cell movements during gastrulation, the motor neuron migration defect is not a nonspecific consequence of gastrulationassociated cell movement defects. Taken together, these results demonstrate that tri function is specifically required for a subset of cell movements during development.
MATERIALS AND METHODS

Animals
Zebrafish were reared and maintained as described by Westerfield (1995) . Embryos were collected from pairwise matings and developed at 28.5°C in E3 embryo medium (5 mM NaCl, 0.17 mM KCl, 0.33 mM CaCl 2 ⅐ 2H 2 O, 0.33 mM MgSO 4 ⅐ 7H 2 O). Throughout the text, the developmental age of the embryos corresponds to the hours elapsed since fertilization (hours post fertilization, HPF). Embryos were transferred to E3 medium containing 0.2 mM phenylthiourea between 18 and 22 HPF to prevent pigmentation (Burrill and Easter, 1994) .
Mutant embryos for all trilobite alleles (tri tk50f , tri tc240 , and tri m209 ) were identified on the basis of their morphology during somitogenesis (Solnica-Krezel et al., 1996; Hammerschmidt et al., 1996) . While the tri tc240 allele displayed the weakest convergence extension phenotype, all three alleles exhibited identical branchiomotor neuron defects that were fully penetrant and expressed. Although most homozygous mutant embryos (all three alleles) died by day 6 -7 of development, about 10% of tri tc240 homozygotes escaped lethality, and grew into fertile adults. The data presented here were obtained from the tri tk50f and tri tc240 alleles, unless otherwise stated.
Immunohistochemistry and in Situ Hybridization
Whole-mount immunohistochemistry was performed with the following antibodies as described previously (Chandrasekhar et al., 1997 (Chandrasekhar et al., , 1998 : Islet (Korzh et al., 1993; 1:500 dilution) ; zn5 (Trevarrow et al., 1990 ; 1:10 dilution); anti-acetylated tubulin (Chitnis and Kuwada, 1990 ; 1:500 dilution); anti-tyrosine hydroxylase (Guo et al., 1999 ; 1:500 dilution); F59 (Devoto et al., 1996; 1:10 dilution) ; and 3A10 (Hatta, 1992; 1:500 dilution) . For fluorescent zn5 immunolabeling, an RITC-conjugated secondary antibody (Jackson Immunochemicals) was used. Synthesis of the digoxigenin-labeled probe and whole-mount in situ hybridization were carried out as described previously (Chandrasekhar et al., 1997) . In all comparisons, at least 10 wild-type and 10 mutant embryos were examined.
Retrograde Labeling of Hindbrain Neurons
Embryos were fixed overnight at 4°C in 4% paraformaldehyde in 1ϫ PBS (Westerfield, 1995) . The embryos were washed four times in 1ϫ PBS and embedded in 0.7% agarose (in PBS) on a glass slide. The agar overlying the arches was removed to expose them, and the appropriate arch was labeled with the fluorescent lipophilic dye, DiI (Molecular Probes), by pressure injection (Applied Scientific). The injected embryos were incubated at 4°C in a dark humid chamber for 12-16 h to allow the DiI to retrogradely label the arch-innervating neurons.
In Vivo and Confocal Microscopy of Green Fluorescent Protein (GFP)-Expressing Embryos
The GFP transgene (Higashijima et al., 2000) was genetically crossed into the tri mutant background, and fish that were doubly heterozygous for the tri mutation and the GFP transgene were identified. Incrossing of double heterozygotes generated wild-type and tri mutant embryos in a 3:1 ratio, and 75% of the embryos contained GFP-expressing motor neurons.
Embryos were dechorionated at 16 -18 HPF, and anesthetized in 0.02% Tricaine in E2 medium (15 mM NaCl, 0.5 mM KCl, 1 mM CaCl 2 ⅐ 2H 2 O, 1 mM MgSO 4 ⅐ 7H 2 O, 0.15 mM KH 2 PO4, 0.05 mM Na 2 HPO 4 ⅐ 2H 2 O, 0.7 mM NaHCO 3 ). The embryos were mounted on a glass slide and embedded in a dorsal orientation in 0.8% agarose. Time-lapse observations were carried out on an Olympus BX60 microscope equipped with shutters in the bright-field and fluorescence light paths. Images were acquired by using Cytos software (Applied Scientific). The confocal imaging was carried out on live or lightly fixed embryos (30 min in 4% paraformaldehyde) that were embedded in 3% methylcellulose. Images were captured on an Olympus IX70 microscope equipped with a BioRad Radiance 2000 confocal laser system.
Quantification of Neuronal Populations in the Hindbrain
Islet antibody-labeled nuclei of hindbrain neurons were counted in strongly labeled, dorsally mounted preparations of 48-HPF embryos. Counts were performed under 40ϫ magnification by focusing at all dorsoventral levels.
RESULTS
The Location of nVII and nIX Branchiomotor Neurons Is Defective in trilobite (tri) Mutants
During an islet antibody screen of selected morphological mutants identified in Tubingen , we discovered serendipitously that mutations in trilobite (tri; Hammerschmidt et al., 1996; Solnica-Krezel et al., 1996) specifically affect the development of the nVII and nIX, but not the nV or nX, motor neurons.
In 48-HPF wild-type embryos, the islet antibody labels trigeminal motor (nV) neurons in r2 and r3, abducens motor (nVI) neurons medially in r5 and r6, facial motor (nVII) neurons laterally in r6 and r7, glossopharyngeal motor (nIX) neurons medially in r7, and the vagal motor (nX) neurons in the caudal hindbrain ( Fig. 1A ; Chandrasekhar et al., 1997) . In tri mutant embryos, the location of the nVII and nIX neurons is defective, while that of the nV, nVI, and nX neurons is not affected (Fig. 1B) . In contrast to wild-type embryos, no islet-labeled cells corresponding to the nVII and nIX motor neurons are found in r7. Furthermore, while r4 of 48-HPF wild-type embryos contains no islet-labeled cells, a large number of labeled cells are found in r4 in mutant embryos (Figs. 1A and 1B).
To confirm that nVII motor neurons were indeed located in r4 in tri mutants, we performed zn5 antibody labeling of 48-HPF wild-type and mutant embryos expressing GFP in branchiomotor neurons (Higashijima et al., 2000) . The zn5 antibody labels many neuronal cell types, including hindbrain commissural neurons and their axons, at rhombomere boundaries (Trevarrow et al., 1990) , enabling unambiguous identification of all rhombomeres (Chandrasekhar et al., 1997; Higashijima et al., 2000) . In wild-type embryos, all GFP-expressing nVII cell bodies are located in r6 and r7 (Fig.  1C ). By contrast, GFP-expressing nVII cell bodies are found exclusively in r4 in tri mutants ( Fig. 1D ). For all three tri alleles, the total number of islet-labeled cells in r4 through r7 is similar between wild-type and mutant embryos (Table 1) . However, there is a dramatic redistribution of labeled cells from r6 and r7 in wild-type embryos to r4 in mutant embryos. While Ͻ5 islet-labeled cells are found in r4 in wild-type siblings, Ͼ75 islet-labeled cells are found in r4 in tri mutants. Concomitantly, the number of islet-labeled cells in r7 decreases from Ͼ30 in wild-type embryos to Ͻ6 in tri mutants ( Table 1) . Given that nVII neurons normally migrate tangentially from r4 into r6 and r7 (Chandrasekhar et al., 1997; Higashijima et al., 2000; see Fig. 3 ), these results suggest strongly that nVII neurons in tri mutants are induced normally in r4, but fail to migrate tangentially into r6 and r7. 
The cells in r4 in wild-type embryos and in r7 in mutant embryos exhibited very light islet labeling.
To determine whether the islet-labeled cells in r4 in tri mutants differentiate into nVII motor neurons, we labeled neuronal cell bodies in the wild-type and mutant hindbrains by retrograde transport of the lipophilic dye, DiI, applied to the nVII target tissue, the hyoid arch. In wildtype embryos, DiI-labeled nVII cell bodies are found in r6 and r7, as described previously ( Fig. 1E ; Table 2 ; Chandrasekhar et al., 1997). In sharp contrast, labeled cell bodies are found exclusively in r4 in tri mutants ( Fig. 1F ; Table 2 ). These observations indicate that the islet-labeled cells in r4 in tri mutants extend axons into the hyoid arch in a manner characteristic of nVII neurons.
We specifically examined glossopharyngeal motor (nIX) neuron development in trilobite mutants using zn5 antibody and retrograde DiI labeling. In wild-type embryos, the zn5 antibody specifically labels the nIX, but not the nVII, In a 48-HPF wild-type sibling, the islet antibody labels the trigeminal motor neurons (nV) in r2 and r3, the facial motor neurons (nVII) in r6 and r7 (arrows), the glossopharyngeal motor neurons (nIX) in r7 (arrowhead), and the vagal motor neurons (nX) in the caudal hindbrain (chb). The strongly labeled, medially located cells in r5 and r6 surrounding the asterisk are the abducens motor neurons (nVI). (B) In a tri mutant, the nV, nVI, and nX neurons are found in the same locations as in wild-type siblings. A large number of islet-labeled cells are found in r4 (arrow), corresponding to nVII neurons. The nIX neurons in r7 are absent. (C) In a 48-HPF wild-type sibling, the zn5 antibody labels commissural axons at rhombomere boundaries in a characteristic fashion and confirms that the GFP-expressing nVII neurons (arrows) are located in r6 and r7. (D) In a tri mutant, zn5 labeling confirms that nVII neurons (arrow) are located in r4. (E) In a 36-HPF wild-type sibling, application of the lipophilic dye, DiI, to the hyoid arch retrogradely labels nVII cell bodies in r6 and r7 (arrows). (F) By contrast, in a tri mutant, DiI application in the hyoid arch retrogradely labels nVII cell bodies in r4 exclusively (arrow). oto, otocyst. Scale bar, 100 (A-D) and 50 m (E, F).
FIG. 2.
Glossopharyngeal (nIX)-like motor neurons are found in r6 in trilobite mutant embryos. All panels show dorsal views with anterior to the left. Double arrows in (B) and (D) denote the midline. (A) In a 48-HPF wild-type sibling, the zn5 antibody labels abducens (nVI) motor neurons medially in r5 and r6 (surrounding the asterisk) and the nIX motor neurons medially in r7 (arrowhead). (B) In a tri mutant, the nVI motor neurons (asterisk) develop normally in r5 and r6. However, the nIX motor neurons are absent from r7. Other zn5-labeled cell types such as the hindbrain commissural neurons (white arrows) and other uncharacterized cells (black arrow) develop in a similar fashion in wild-type and mutant embryos. (C) In a 48-HPF wild-type sibling, DiI application in the first gill arch retrogradely labels nIX neuron cell bodies in r7 (arrowhead). (D) By contrast, in a tri mutant, DiI application in the first gill arch labels nIX cell bodies exclusively in r6 (arrowhead). The out-of-focus labeled cells in r7 (asterisk) are seen in some wild-type and mutant embryos and appear to be very anteriorly located nX neurons that contain DiI, due to inadvertent labeling of nX axons at the DiI injection site. Scale bar, 100 (A, B) and 50 m (C, D). FIG. 3 . Facial (nVII) motor neuron migration is eliminated in trilobite mutants. All panels show dorsal views of the hindbrain with anterior to the left. (A-C) In a wild-type sibling (A), putative GFP-expressing nVII neurons accumulate in r4 by 18 HPF. By 24 HPF (B), nVII neurons have started migrating tangentially across rhombomere boundaries into r5, r6, and r7. By 30 HPF (C), most nVII neurons have migrated into r6 and r7. The nV neurons in r2 are induced early and remain in r2 throughout development. The nV neurons in r3 arise after 30 HPF. (D-F) In a tri mutant embryo (D), putative nVII neurons arise in r4, as in wild-type embryos. By 24 HPF (E), the number of GFP-expressing cells in r4 increases, but the cells fail to migrate tangentially (posteriorly). By 30 HPF (F), a large number of nVII neurons have accumulated in r4, and no cells have migrated into r6 and r7. Scale bar, 75 m. motor neurons in r7 ( Fig. 2A ; Chandrasekhar et al., 1997) . In tri mutants, the zn5-labeled cells in r7 are missing ( Fig. 2B) , consistent with our earlier result that very few islet-labeled cells are found in r7 in mutant embryos ( Fig. 1B; Table 1 ).
To determine the fate of nIX neurons in tri mutants, we labeled neuronal cell bodies by retrograde transport of DiI applied to the nIX target tissue, the first gill arch. In wild-type embryos, DiI-labeled nIX cell bodies are found in r7 (Fig. 2C) . In sharp contrast, labeled cell bodies are found exclusively in r6 in mutant embryos ( Fig. 2D; Table 2 ). Furthermore, the mutant nIX-like cells appear not to label with the zn5 antibody ( Fig. 2B ), suggesting that they may not differentiate completely normally. Nonetheless, our results suggest strongly that nIX neurons normally migrate tangentially into r7 after induction in r6 and that this migration fails to occur in tri mutants.
Tangential Migration of nVII Neurons Is Eliminated in trilobite Mutants
To test directly whether tangential migration of nVII neurons was affected in tri mutants, we examined branchiomotor neuron development in vivo in transgenic wild-type and tri mutant embryos in which all nV, nVII, and nX motor neurons express GFP throughout embryogenesis (Higashijima et al., 2000) .
In wild-type embryos, GFP-expressing cells corresponding to putative nVII motor neurons are first detected in r4 at 15 HPF. Between 18 and 24 HPF, these cells increase in number in r4 and migrate tangentially (posteriorly) from r4 into r5, r6, and r7 (Figs. 3A and 3B). By 30 HPF, nVII neurons are found mostly in r6 and r7, with a few cells in r4 and r5 (Fig. 3C) . The nVII axon fascicle turns laterally away from the midline in r4 and exits the hindbrain into the hyoid arch, as described previously (Chandrasekhar et al., 1997) . In tri mutants, the GFP-expressing putative nVII neurons are found in r4 by 18 HPF (Fig. 3D ). However, as development proceeds, the GFP-expressing cells fail to migrate out of r4 (Figs. 3D-3F). Consequently, these cells increase in number and accumulate in r4 up to 30 HPF and beyond. The GFP-expressing cells in tri mutants differentiate as nVII motor neurons because their axons extend into the hyoid arch as in wild-type embryos (Fig. 3F ). While the data presented in Fig. 3 were obtained as static images from live embryos of specific ages, we have confirmed these results by continuous, in vivo time-lapse observations from 18 to 28 HPF in wild-type and mutant embryos (data not shown).
To rule out the possibility that the migration of nVII neurons is merely delayed in tri mutants, we examined the location of nVII neurons in swimming larvae. While GFPexpressing nVII neurons are found in r6 in 4-day-old wild- In a 36-HPF wild-type sibling, gata3 is expressed in nVII motor neurons in r6 and r7 (arrowheads), nV neurons in r2 (asterisk), and in nVIII sensory neurons (out-of-focus cells, arrow). (F) In a tri mutant, the gata3-expressing nVII neurons are located in r4 (arrowhead). (G) In a 36-HPF wild-type sibling, an anti-tyrosine hydroxylase antibody labels locus coeruleus (LC) neurons ventrally within r1. (H) In a tri mutant, the LC neurons are found at the same location as in wild-type embryos. (I) In a wild-type sibling, the F59 antibody labels adaxial cells (arrowhead) adjacent to the notochord at the 18-somite stage. By the 30-somite stage, the F59-labeled cells (arrowhead) have migrated radially and laterally away from the notochord and have differentiated into superficial slow muscle fibers. (J) In a tri mutant, the F59-labeled cells (arrowheads) are shorter due to decreased convergence and extension. The location of labeled cells at 18-and 30-somite stages is identical to that in wild-type embryos, indicating that adaxial cell migration occurs normally. oto, otocyst. Scale bar, 100 (A, B, G, H, "30 som" I, J) and 50 m (C-F, "18 som" I, J). type embryos (Fig. 4A ), these neurons remain in r4 in mutant embryos (Fig. 4B) . The GFP-expressing cells in r6 in tri mutants are not nVII neurons because they do not extend axons into the hyoid arch (16/16 embryos). The mutant nVII neurons are located in r4 even after 6 days of development (data not shown), indicating that the mutant phenotype does not reflect a delay in the onset of neuronal migration. These results demonstrate that mutations in trilobite eliminate the tangential migration of nVII, and most likely also nIX, motor neurons.
Although nVII neurons fail to migrate in tri mutants, their axons extend correctly into the hyoid arch ( Figs. 1F  and 3F ). Furthermore, a characteristic branching of the facial nerve occurs normally in tri mutant embryos (Figs. 4C and 4D) . These observations suggest strongly that mutations in tri specifically affect migration of the nVII motor neuron cell bodies but not pathfinding and migration of the nVII growth cones.
Hindbrain Patterning and Neuronal Differentiation Are Normal in trilobite Mutants
Given the specific defect in the location of a subset of hindbrain motor neurons in tri mutants, we investigated whether overall patterning of the hindbrain and the location and numbers of other hindbrain neuronal populations were normal in mutant embryos.
Hoxb1a (Prince et al., 1998) , whose mouse homolog is essential for the development of nVII motor neurons in mouse (Goddard et al., 1996; Studer et al., 1996) , is expressed in a similar fashion in r4 in wild-type and tri mutant embryos (Figs. 5A and 5B) . The expression of krox20 in r3 and r5 (Oxtoby and Jowett, 1993) , EphA4 in r1, r3, and r5 (Xu et al., 1995) and valentino in r5 and r6 is also unaffected in mutant embryos (data not shown). These results demonstrate that rhombomere development and patterning are not affected in the tri mutant hindbrain.
We examined the locations of various hindbrain neurons using specific antibodies. The Mauthner reticulospinal neurons, labeled with the 3A10 antibody (Hatta, 1992) , are located bilaterally in r4 and develop normally in trilobite mutants ( Figs. 5C and 5D ). The hindbrain commissural neurons and their axons, labeled with the zn5 antibody, are located at rhombomere boundaries and develop normally in tri mutants (Figs. 1C, 1D, 2A, and 2B) . The location and number of several hindbrain neuronal populations, labeled with an anti-tubulin antibody, are identical between wildtype and mutant embryos (data not shown). These results demonstrate that the differentiation and positioning of hindbrain neurons, excepting the nVII and nIX neurons, are not affected in trilobite mutants.
In addition to nVII motor neurons, r4 generates inner ear (nVIII) efferent neurons, which do not undergo tangential migration. In mouse, a zinc-finger gene, gata3, is expressed in nVIII efferent but not nVII motor neurons (Karis et al., 2001) . Unlike mouse gata3, zebrafish gata3 is also expressed in nVII neurons (Fig. 5E ), and these cells are located in r4 in tri mutants (Fig. 5F ). This result suggests that migratory nVII neurons do not transfate into nonmigratory nVIII efferent neurons in tri mutants.
Many Neuronal and Nonneuronal Cells Migrate Normally in trilobite Mutants
Mutations at the tri locus were originally identified due to their effects on convergence extension cell movements during gastrulation. Since tangential migration of branchiomotor neurons is also defective in tri mutants, we tested whether migration of other neuronal and nonneuronal cell types was also affected.
The ventrocaudal migration of noradrenergic locus coeruleus neurons from the cerebellum into r1, assayed by anti-tyrosine hydroxylase immunoreactivity (Guo et al., 1999) , is unaffected in tri mutants (Figs. 5G and 5H) . The mediolateral migration of adaxial muscle cells, assayed by the F59 antibody ( Fig. 5I; Devoto et al., 1996) , occurs FIG. 6. nVII motor neurons migrate normally in the gastrulation mutant, knypek (kny). All panels show dorsal views of the islet antibody-labeled hindbrains with anterior to the left. Embryos were from obtained from a cross of trilobite;knypek double heterozygotes. The arrowheads in (B-D) point to the most anterior spinal motor neurons. The strongly labeled, medially located cells in r5 and r6 surrounding the asterisk are the abducens (nVI) motor neurons. (A) In a 36-HPF wild-type sibling, the islet-labeled cells corresponding to the nV, nVII (arrows), and nX neurons are found at their characteristic locations. (B) In a knypek mutant, the isletlabeled cells corresponding to the nV, nVII (arrows), and nX motor neurons are found at their normal locations, as in wild-type embryos. (C) In a trilobite mutant, the nVII neurons (arrow) are found in r4. (D) In a trilobite;knypek double mutant, islet-labeled cells corresponding to putative nVII neurons (arrow) are still located in r4. The nVI neurons in r6 are missing. The nX neurons are greatly reduced in number and are positioned very laterally compared to either single mutant, reflecting the extremely reduced convergence extension cell movements in double-mutant embryos. Scale bar, 100 m. normally in tri mutants (Fig. 5J) . The migration of neural crest cells (dlx2 expression; Akimenko et al., 1994) , cerebellar granule and Purkinje cells (tag1, zath1, and zebrin expression; Warren et al., 1999; R. Koester and S. Fraser, unpublished data) , and lateral line primordium cells (Kimmel et al., 1995) are also unaffected in tri mutant embryos (data not shown). Extensive examination of axonal pathways in antitubulin-labeled embryos also did not reveal any axon guidance defects in tri mutants. Interestingly, the medial-lateral locations of the nV, nVII, and nX neurons are similar between wild-type and mutant embryos (Figs. 1A-1D ), suggesting that the radial migration of branchiomotor neurons occurs normally in tri mutants. Taken together, these results demonstrate that mutations in trilobite specifically affect convergence extension cell movements during gastrulation and tangential migration of nVII and nIX neurons several hours later.
The Tangential Migration Defect in tri Mutants Is Not a Nonspecific Effect of Gastrulation-Associated Cell Movement Defects
The defects in gastrulation-associated cell movements and motor neuron migration in mutants would arise independently of each other if tri function is required first during gastrulation, and later, during neuronal migration. Alternatively, elimination of motor neuron migration may arise nonspecifically from aberrant gastrulation-associated cell movements. To distinguish between these hypotheses, we examined branchiomotor neuron development in another convergence extension mutant knypek (kny; Solnica-Krezel et al., 1996) . nVII and nIX neurons migrate normally in kny mutants (Figs. 6A and 6B) even though convergence extension cell movements are reduced to a similar extent in tri and kny single mutants. In addition, although tri;kny double mutants exhibit severely reduced convergence and extension (Marlow et al., 1998) , the nVII migration defect is not enhanced in double mutants and is similar to that of tri single mutants (Figs. 6C and 6D) . These data suggest strongly that the gastrulation and motor neuron migration defects in tri mutants arise independently of each other.
DISCUSSION
The trilobite Mutant Phenotype
During gastrulation in zebrafish, cells undergo several movements, such as epiboly, involution, convergence, and extension. Mutations in trilobite lead to reduced convergence and extension movements, while epiboly and involution are not affected Solnica-Krezel et al., 1996; Sepich et al., 2000) . Since convergence extension cell movements contribute to lengthening of the embryo (Kimmel et al., 1995) , the mutant embryo is shorter and its somites are wider than in a wild-type embryo. However, organizer formation, tissue patterning, and overall development of the mutant embryo are mostly unaffected (Solnica-Krezel et al., 1996; Marlow et al., 1998; Sepich et al., 2000) . Most mutant embryos eventually die due to variable defects in jaw structures and due to the inability of larvae to swim because of a shortened trunk. These observations suggested that tri function may be specifically required for convergence extension cell movements during gastrulation, and not for the myriad of other cell movements that occur during, and subsequent to, gastrulation. We show here that mutations in trilobite also eliminate the migration of a subset of motor neurons in the zebrafish hindbrain. Thus, we have identified an additional role for tri in tangential neuronal migration during nervous system development.
The branchiomotor neurons are located in the hindbrain and innervate muscles in the vertebrate head. We showed previously that the facial (nVII) and glossopharyngeal (nIX) motor neurons are more posteriorly located than their homologs in other vertebrates (Chandrasekhar et al., 1997) . Based on these observations and an analysis of the hindbrain mutant valentino, we proposed that the zebrafish nVII neurons are induced in r4 as in other vertebrates and subsequently migrate tangentially (posteriorly) into r6 and r7. We also proposed that the nIX neurons are induced in r6, then migrate posteriorly into r7 (Chandrasekhar et al., 1997) . Higashijima et al. (2000) used a transgenic zebrafish strain that expresses GFP in the branchiomotor neurons to demonstrate that nVII neurons indeed migrate tangentially into r6 and r7 after induction in r4. Since the GFP transgene is not expressed in nIX neurons, their putative migration from r6 to r7 could not be studied using the transgenic strain. Our analysis of the tri branchiomotor neuron phenotype provides strong support for tangential migration of both the nVII and nIX neurons.
tri Function Is Specifically Required for Two Types of Cell Movements
It is possible that the nVII and nIX migration defects arise nonspecifically from the earlier defect in convergent extension cell movements during gastrulation. Such a nonspecific effect is unlikely for two reasons. First, rhombomerespecific genes such as hoxb1a, krox20, EphA4, and valentino are expressed normally in trilobite mutants, indicating that rhombomere boundaries form normally. The establishment and maintenance of sharp rhombomere boundaries involve extensive cell movements along the anterior-posterior axis (Fraser et al., 1990; Birgbauer and Fraser, 1994; Moens et al., 1996; Cooke et al., 2001) . Our results show that these hindbrain cell movements, which occur after gastrulation but before motor neuron migration, are not affected in tri mutants, suggesting that the neuron migration defect is not a nonspecific consequence of the gastrulation defect. Second, the nVII and nIX neurons migrate correctly in the gastrulation mutant knypek, even though the defects in convergence extension cell movements are very similar in tri and kny mutants (Solnica- Krezel et al., 1996; Marlow et al., 1998) , showing that the two types of cell movements arise independently.
Role of tri in Cell Motility
Convergence extension cell movements and tangential migration of motor neurons are affected in tri mutants, but all other cell types examined, including neural crest cells, cerebellar neurons, and muscle cells, migrate normally in mutant embryos. Growth cone motility and axon guidance are also unaffected in tri mutants. Furthermore, the dorsolateral migration of branchiomotor neurons along radial glia (Moody and Heaton, 1983) is unaffected in mutant embryos, consistent with other studies, suggesting that mechanisms underlying radial and tangential neuronal migrations are distinct (Wolfer et al., 1994; O'Rourke et al., 1995; Morgan et al., 2000) . We are presently determining whether tri functions cell autonomously within migrating nVII and nIX motor neurons or nonautonomously in the surrounding hindbrain tissue. These experiments will reveal whether mutant nVII neurons have intrinsic defects in cell motility or whether signaling cues essential for initiating and maintaining neuronal migration are defective in the mutant hindbrain.
Effect of tri Mutations on Motor Neuron Differentiation and Axon Guidance, and Formation of the Motor Circuit
While nVII motor neurons fail to migrate from r4 to r6 and r7 in tri mutants, they appear to differentiate normally, as assayed by islet1, tag1, and gata3 gene expression. On the other hand, mutant nIX motor neurons not only fail to migrate from r6 to r7 but also fail to express DM-Grasp (zn5 labeling; Fashena and Westerfield, 1999 ), suggesting that they may not differentiate normally in tri mutants. Interestingly, mutant nVII neurons in r4 and mutant nIX neurons in r6 extend axons correctly into their respective target tissues, the hyoid and first gill arches, indicating that the migration of the neuronal cell body and growth cone can be uncoupled from one another. This observation is in contrast to other studies, which show that the two processes are linked (Alcantara et al., 2000) . Clearly, some molecular mechanisms underlying cell movement are common to both processes, but our studies show that there are also differences between the two.
Since the nVII neurons establish the motor circuit that controls movement of the lower jaw, it will be interesting to examine the functional consequences of the aberrant location of the facial motor neurons in trilobite mutants. Although most homozygous mutant embryos (all three alleles) die by day 6 -7 of development, about 10% of tri tc240 homozygotes escape lethality, survive to adulthood, and are fertile. Surprisingly, tri tc240 homozygote "escapers" grow at the same rate as heterozygous siblings, suggesting that jaw movements and feeding behavior, and therefore the nVII motor circuits, in 6-to 7-day-old mutant larvae are similar to those in wild-type siblings. We are in the process of identifying other components of the motor circuit to test whether presynaptic partners of the nVII motor neurons modify their locations or connections in tri tc240 homozygotes in order to establish a functional circuit.
In summary, trilobite function is essential for convergence extension cell movements and tangential migration of branchiomotor neurons. The mutant phenotype suggests strongly that a genetic pathway underlies tangential neuronal migration and raises the prospects of identifying novel migration mutants in the islet1-GFP background (Higashijima et al., 2000) .
